Epidemiologic studies designed to assess the chronic effects of pesticides are limited by inadequate measurements of exposures. Although cohort studies have been initiated to evaluate the effects of 2,4 -dichlorophenoxyacetic acid ( 2,4 -D ) and other pesticides in professional turf applicators, they may have limited power to detect significant health risks and may be subject to bias from exposure measurement error. In this study, the doses of 2,4 -D, mecoprop [ 2 -( 4 -chloro -2 methylphenoxy ) propionic acid, MCPP ] and dicamba ( 3,6 -dichloro -o -anisic acid ) were evaluated in a group of 98 professional turf applicators from 20 companies across southwestern Ontario. During a 1 -week period ( Saturday to Thursday ), the volume of pesticide ( active ingredient ) applied was only weakly related to the total dose of 2,4 -D absorbed ( R 2 = 0.21 ). Two additional factors explained a large proportion of variation in dose: the type of spray nozzle used and the use of gloves while spraying. Individuals who used a fan -type nozzle had significantly higher doses than those who used a gun -type nozzle. Glove use was associated with significantly lower doses. Job satisfaction and current smoking influenced the dose but were not highly predictive. In the final multiple regression models predicting total absorbed dose of 2,4 -D and mecoprop, approximately 63 -68% of the variation was explained. The future application of these models for epidemiologic research will depend on the availability of information and records from employers, the feasibility of contacting study subjects and cost.
Introduction
The phenoxy herbicide, 2,4 -dichlorophenoxyacetic acid (2,4 -D ) , and other related pesticides have been the subject of considerable investigation. Many epidemiologic studies have been conducted and are currently underway to evaluate the chronic effects of these pesticides in occupational groups, such as manufacturers, professional turf applicators, farmers, forestry and railroad workers, Vietnam veterans and others ( Axelson et al., 1980; Ott et al., 1980; Riihimaki et al., 1982; Coggon et al., 1986; Coggon et al., 1991; Hoar et al., 1986; Pearce et al., 1986; Hoar Zahm, 1987; Lynge, 1987; Lynge, 1993; Vineis et al., 1987; Bond et al., 1988; Eriksson et al., 1990; Wigle et al., 1990; Green, 1991; Lerda and Rizzi, 1991; Saracci et al., 1991; Swaen et al., 1992; Bloemen et al., 1993; Bueno de Mesquita et al., 1993; Kogevinas et al., 1993; Kogevinas et al., 1997; Alavanja et al., 1996; Zahm, 1997; Zahm et al., 1990) . Although the current weight of epidemiological evidence suggests an association between the use of 2,4 -D and some cancers, a cause -effect relationship has not been established. A number of reviews concerning the possible health effects of 2,4-D, related phenoxy herbicides and their dioxin contaminants are available (WHO, 1984; IARC, 1996a,b; CCT, 1987; Bond et al., 1989; HSPH, 1990; IARC, 1990; Johnson et al., 1990; Johnson, 1990; Ibrahim et al., 1991 , Morrison et al., 1992 .
Consistent within past and current epidemiologic studies is the lack of valid pesticide exposure data, or more correctly, absorbed dose data. One way to quantify dose is to use biological monitoring techniques that measure urinary concentrations of pesticides. However, for prospective studies with large cohorts, this would be highly impractical. Typically, in both prospective and retrospective studies, pesticide usage records, if available, serve as a surrogate estimate of pesticide exposure and total body dose is assumed to be positively related to the amount used (Saracci et al., 1991; Blair and Zahm, 1993; Blair et al., 1989 ) . In the absence of adequate records of pesticide use, job titles and length of employment data also have been used, but these methods do not result in quantitative estimates ( Blair et al., 1989 ) . Past studies on farmers made use of exposure measures such as duration of use, frequency of use and number of acres sprayed (Hoar et al., 1986; Hoar Zahm, 1987; Wigle et al., 1990; Zahm et al., 1990) . Clearly, these proxies for ''use'' do not necessarily reflect true ''dose'' and can result in substantial dose misclassification.
Researchers at the National Cancer Institute are conducting a prospective cohort mortality study (with a retrospective component ) of more than 40,000 Chemlawn employees in the US. Based on a retrospective analysis using standardized mortality ratios (SMR ), the authors reported an excess of mortality from non -Hodgkin's lymphoma ( NHL ) in the cohort ( Zahm, 1997 ) . The risks of NHL increased for male applicators, especially those employed for three or more years. No quantitative or semiquantitative measures of pesticide use or exposure were presented. The prospective component of this cohort study will employ semiquantitative estimates of pesticide use such as the number of days worked per year and will be based on the branch where the employee worked, the amount of pesticide purchased for the branch, the period of employment, his /her job title and the pesticide application program offered at the branch. Individual pesticide use or exposure cannot be estimated due to the lack of pesticide application records for each individual employee ( Hoar Zahm, 1987; Hoar Zahm, 1996; Blair et al., 1989 ) .
Unfortunately, past research indicates that in professional pesticide applicators, an estimate of dose based on industrial pesticide application or use records will result in a high degree of measurement error (Harris, 1991; Solomon et al., 1993 ) . In a small group of 10 Canadian professional turf sprayers, total pesticide use explained only 17% ( R 2 ) of the variation in total dose over a 2-week sampling period. These results indicated that individuals who were properly trained, wore protective clothing and practised good personal hygiene would receive lower exposures (Harris, 1991; Solomon et al., 1993 ) .
In epidemiologic studies, measurement errors of either dose or exposure will decrease the power of a study or increase the sample size required to detect a significant health risk. If error is random and does not vary by disease status, the sample size needed to detect a statistically significant effect is doubled if the squared correlation ( R 2 ), or the intraclass correlation, between the imperfect exposure measure and the perfect exposure measure is 0.50 (n error = n true /R 2 ) (Armstrong et al., 1992 ) . As an example, if the absorbed dose of pesticides is estimated based on pesticide use data (R 2 =0.17 ) (Solomon et al., 1993) , the sample size necessary to detect a significant health effect would be close to six times higher than if the perfectly measured dose was used.
To estimate dose of pesticides adequately, it appears important to have access to use records and have information about training, spraying and hygiene practices for each individual. This information is important not only for effective abatement strategies in the workplace, but also for the development of prediction models for pesticide dose. These types of models have been developed for the purposes of assessing uptake of pesticides from contaminated turf and have been evaluated ( Harris and Solomon, 1992a; Durkin et al., 1995 ) . Several predictive models have also been developed to estimate agricultural exposure to pesticides for registration purposes (Van Hemmen, 1993 ) . For example, The Pesticide Exposure Handlers Database (1992) provides exposure information for mixers, loaders, applicators and flaggers under various environmental, hygienic (protective clothing ) and working conditions (type of spray equipment ). Although this database is used for prediction of dermal exposure in farmers, it has not been validated. In addition, the application of results for biological monitoring (urine, blood, etc. ), should be considered so that factors affecting total body dose can be evaluated ( Van Hemmen, 1993 ) . Although pesticide dose and exposure prediction modelling have been used for quantitative risk assessment and registration purposes, this type of modelling is only beginning to be exploited for epidemiologic purposes. A deterministic model for the retrospective assessment of phenoxy herbicide exposure has been developed for manufacturing workers and sprayers, and stochastic dose modelling was proposed in the Agricultural Health Study (Kauppinen et al., 1994; Alavanja et al., 1996 ) . Currently, no dose prediction models exist for professional turf applicators and, clearly, a validated model would be very useful for epidemiologic research.
The present study was designed to identify personal and hygiene factors that modify the relationship between the volume of pesticide used and the resulting absorbed dose in a group of professional turf applicators. This information was used to develop statistical models to predict pesticide dose.
Methods

Subjects and Recruitment
Due to the seasonal and often short -term nature of employment in the lawn care business, initial contact of study subjects was made through employers. A list of all licensed pesticide companies (Operators, Land Class 4 and 6 ) was provided by the Ontario Ministry of Environment and Energy (MOEE ) Land Pesticide Office. Structural pest control companies were excluded. Based on the name of the company, those that possibly provided lawn care services within the southwestern Ontario region were identified ( n= 214) and were sent a letter explaining the nature of the research, together with a brief survey designed to collect information on current practices of the professional turf industry. Only 15% of the surveys was returned -perhaps not surprising since these surveys were sent during April and May, the busiest time of the season. No information on the nonrespondents was available, and thus, the representativeness of the sample is not possible to evaluate. All eligible companies except one, that returned the survey, were enrolled in the study (n =9 ). The one company was not enrolled due to scheduling problems. Of the 20 participating companies, the remaining 11 companies were enrolled in the study through contact with their head offices, personal referrals and calls to companies listed in the telephone book that were not accurately listed in the MOEE operator list. Only one company that was contacted by telephone refused to participate.
All attempts were made to include a broad range of companies in which adequate records of pesticide use were maintained and which were within commuting distance of the laboratory facilities. This sample was not selected randomly, since it was important that companies differed in several aspects including their market size, years of operation, average number of employees ( licensed and nonlicensed applicators ), gender ratios of employees, type of spray equipment used and private ownership versus franchise status. This information was obtained from the owner or manager of each participating company with the survey or telephone follow -up. It was not possible to collect this information for the nonresponding companies.
Following company agreement, subjects were directly approached either by the researchers or through the owners and participating managers. The purpose of the study was explained and those willing to participate provided signed consent. One hundred percent subject participation was obtained from 15 of 20 companies. Of the remaining five companies, only 25% subject participation was obtained. In four of these companies, the study coordinator was unable to speak directly with potential subjects and this likely resulted in lower participation. The overall participation rate was 56%. Subjects included both licensed and nonlicensed pesticide applicators and were remunerated with Can$35 for their contribution to the study. This incentive was considered necessary in order to gain subject participation with the urine sampling protocols. In addition, the subjects were allowed to keep the soft -sided cooler bags that were used to store their urine samples during the collection period.
Exposure Questionnaire A self -administered questionnaire was developed to acquire information on all known variables that could potentially increase or decrease pesticide exposure in relation to the amount handled. Due to its low vapour pressure and volatility, the major route of exposure to 2,4 -D amine salts is dermal, and air sampling studies have shown that respiratory exposure is minimal ( Libich et al., 1984; Grover et al., 1986; Harris and Solomon, 1992b) . Therefore, the self -administered questionnaire was designed primarily to evaluate factors that could directly or indirectly affect dermal pesticide exposure. Applicators were also questioned on their perceived exposure and other factors that could influence dose, such as job satisfaction and chemical risk perception. The eight -page questionnaire was tested in a group of seven subjects to determine if appropriate options for responses were given. This resulted in minor revisions. Questionnaires were filled -out by study subjects at the conclusion of urine sampling and took approximately 15 min to complete. Individual pesticide use records for 6 days ( Saturday to Thursday ), including the 2 days of urine sampling, were obtained from the employers.
Urine Collection Procedures and Analysis
Urine samples were collected throughout the spray season starting May 9, 1996 and ending September 12, 1996. Each subject provided two consecutive 24-h urine samples starting on a Wednesday morning ( Day 5 ) at 8:00 a.m. Subjects were supplied with soft -sided cooler bags and frozen ice packs to store their urine samples and these were retrieved at the end of each 24 -h collection period. Two 50 -ml aliquots from each 24 -h sample were frozen ( À 208C ) for later analysis. To evaluate completeness of urine collection, a 10-ml aliquot was taken from all 24 -h urine samples for analysis of creatinine by Med -Chem Laboratories (Scarborough, Ontario ). Urine volumes were corrected for self -reported missed samples (Harris et al., 2000 ) .
Urine samples were analysed for 2,4 -D, mecoprop [2 -(4 -chloro -2 methylphenoxy ) propionic acid ], MCPA (4 -chloro-2-methylphenoxyacetic acid ) and dicamba (3,6 -dichloro-o -anisic acid ) using ion trap mass spectrometry at the Pesticide and Trace Contaminants Laboratory of the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA ) (Mena et al., 1996 ) . The method is capable of quantifying levels to 1 ppb (1 g/l ) (Mena et al., 1996 ) . One hundred microliters of 10 g /ml ( 20 ppm ) 2,4,5 -trichlorophenoxypropanoic acid (2,4,5 -TP ) was added to each 50 -ml urine sample as an internal standard. Laboratory spikes (n = 12, ranging from 2 to 125 ppb) showed that the average recovery ( + coefficient of variation, CV ) of 2,4-D was 113% (12% ), mecoprop was 86% (16% ) and dicamba was 105% (16% ).
Since it was not possible to conduct field recovery spikes and some samples were stored in the freezer for up to 9 months prior to analysis, the potential degradation of 2,4 -D was evaluated under different storage conditions. Spikes (n = 25) of 2,4-D ( 800 ppb, 800 g /L ) were prepared and analysed after storage. The storage conditions included: (1 ) room temperature storage of the urine sample for 24 h; (2 ) cooler bag and ice pack over a 24 -h period; ( 3) cooler bag only for 24 h; (4 ) storage in refrigerator over 24 h; (5 ) storage in refrigerator over 48 h. All samples were frozen for later analysis and a series of freezer spikes (n = 35, samples immediately frozen ) was stored for 6 months and analysed over a 3-month period to evaluate loss in recovery. No significant differences in mean recoveries were observed among the five different storage methods (analysis of variance, P= 0.09). Furthermore, no significant degradation of the pesticide was observed over time. Thus, the concentrations of 2,4-D, mecoprop and dicamba in the urine samples provided by the study subjects were adjusted only for a 2,4,5-TP internal standard, added at a concentration of 20 ppb.
Dose Estimation
Following an oral, dermal or inhalation exposure to 2,4-D ( dimethylamine salt ), close to 100% of the absorbed dose is excreted in the urine as 2,4-D acid over a 5 -to 6 -day period (Feldman and Maibach, 1974; Kohli et al., 1974; Sauerhoff et al., 1977; Harris and Solomon, 1992b) . Following repeated exposures, a steady state for 2,4-D body burden would be reached following approximately four half -lives or 4-5 days of consecutive exposure, if the exposure to 2,4-D, on a daily basis, remains relatively constant. Since applicators rarely apply the same amount of pesticide each day, a steady state is unlikely to be reached ( Harris, 1991 ) .
In order to estimate absorbed dose following repeated exposures and account for variations in exposure over time, a new method was developed for this study (Harris et al., 2001 ). Based on a knowledge of the total daily amounts of pesticide used over a 6-day period, and the assumption that the ratio of total dose to amount of 2,4 -D used remains constant for an individual applicator over time, an estimate of total daily dose over one work week period was determined using two 24 -h urine samples taken toward the end of the week. Estimates of total daily doses of mecoprop and dicamba were based on the assumption that the kinetics of these compounds is similar to 2,4-D in humans. Details of the method used to estimate total absorbed dose over an entire work week and its reliability are published elsewhere (Harris et al., 2000; 2001 ) .
Statistical Analysis
The data were analysed using the Statistical Analysis System ( SAS ) package. Questionnaire data were entered in Visual Dbase version 5.5 and imported into SAS version 6.11. The presence of errors in the transcribed data was assessed by visual inspection and with the use of a data comparison program to evaluate combinations of unlikely or impossible data and distribution outliers. A serious effort was made to confirm unusual and unlikely results and to replace any missing data by referencing existing records or recontacting the subjects and employers.
Initial analysis of the data consisted of descriptions of baseline characteristics of the study subjects and their employers. The correlations between continuous variables and associations between categorical variables were evaluated using Pearson correlation coefficients and chisquare analyses of contingency tables, respectively. To decide if transformation of variables was necessary, the distribution of all continuous and categorical variables for the sample population was visually evaluated with the use of normal probability plots, box plots and histograms. Because of the skewed nature of the data, the natural log transformations were taken for the total absorbed dose measurements and the pesticide use ( total spray ) measurements. In order to take the natural log transformation of the total spray variable that included values of zero, a value of 900 was added to the total amount sprayed by all individuals for two reasons: first, of those individuals who sprayed during the work week, it was the minimum amount sprayed; and second, to reduce the skewness of the transformed variable.
The dose prediction models were developed and validated using multiple linear regression. To aid in model development and validation, a sample of 94 workers was randomly split into a model development or generating sample of 70 and an internal validation sample of 24. This process was repeated five times to aid in model selection and validation. The technique of all possible regressions was used to assist in the selection of the model based on the sample squared multiple correlation coefficient ( R 2 ), the F test statistic, the estimated error variance (MSE ) and Mallow's C p statistic. These methods resulted in the identification of a few candidate models. Regression diagnostic techniques were used to determine the appropriateness of the models by checking the validity of the assumptions of the regression analysis. Methods were used to analyse residuals and to assess the influence of outliers (Studentized residuals, leverages /influences and Cook's distance ), and to assess collinearity with the variance inflation factor ( VIF ).
To evaluate the predictive ability of the candidate models, the mean cross -validation correlation ( R 2 ) was calculated for each model based on the five hold -out or validation samples. Shrinkage was calculated by subtracting the R 2 of the validation sample from the R 2 of the generating sample, using a shrinkage value of 0.2 or less as an indication of a reliable model. Bias was estimated based on the differences between the predicted values and the true observations. Once reliable models were selected, the modelling and validation samples were combined to calculate pooled estimates of the regression coefficients.
Even though concentrations of three herbicides were evaluated in this study, the herbicide 2,4 -D was used as the model compound for all statistical analyses. The generalizability of the final 2,4 -D dose prediction models was evaluated using both mecoprop and dicamba.
Results
Characteristics of Participating Companies and Subjects
As expected, the 20 participating companies differed on several variables. Companies were in operation for 1 -30 years (average 12 years ) and had, on average, close to 5000 customers (range 320 -30,000 ). Typically, companies sprayed two to five applications (mean: 3.1 ) of pesticides ( including herbicides, insecticides and fungicides ) on each property. An average of five employees ( range 1 -16) from each company participated.
Some demographic characteristics of the 98 participants are outlined in Table 1 . Although special efforts were made to include women in the study, 95% of the sample was male. All females identified were included in the study. The majority of subjects in the study were single ( 55% ), had no children (71% ) and had attended or were currently attending university (62% ). A high percentage of the subjects was current smokers (48% ).
Description of Pesticide Dose
The arithmetic and geometric mean total work week doses (estimated for a 6-day period ) and the mean daily doses of 2,4 -D, mecoprop and dicamba are presented for 97 subjects in Table 1 . The mean daily dose was calculated based on the total dose estimated for the 6 -day week divided by the number of days involved in spraying or mixing and loading pesticides. Since the number of days spent spraying varied between individuals (range 1-6 ), the mean exposures will not equal the total exposure divided by 6. One individual with an estimated total dose of 246 mg (246,000 g) of 2,4 -D over an entire work week was excluded from the analysis. Although it is highly likely that this extreme dose was due to contamination of the urine samples, concentrations of the three pesticides were high in both 24 -h urine samples provided by the applicator.
Although 2,4 -D, mecoprop and dicamba are generally present in commercial formulations at concentrations of 190, 100, and 18 g /l, respectively, the total and mean estimated doses of mecoprop were approximately 1.5 times higher than those of 2,4 -D. Furthermore, dicamba was excreted at a much lower concentration than expected from its concentration in the commercial formulation. These results indicate that mecoprop has a higher potential for dermal absorption, and that dicamba may have a far lower absorption potential as compared with 2,4 -D.
Descriptive Analysis
Of the 98 pairs of urine samples provided for the estimation of pesticide dose, 97 were considered dependable. Three Table 1 . Descriptive characteristics of the applicators ( n = 98 ).
Applicators
Mean SD additional individuals were excluded from the remaining analyses. These subjects included: one individual who did not spray or mix and load any pesticides during the work week and had virtually no opportunity for exposure; the single subject classified as a mixer / loader who could not be individually identified due to consent agreements; and one individual who provided no information on glove use. An evaluation of the natural logarithm of total weekly dose and Table 2 . Evaluation of log total weekly dose and log mean daily dose of 2,4 -D ( g ) in relation to application equipment used and personal factors in the combined sample ( n = 94 ). Means with an asterisk are significantly different from each other. Excludes four observations, difference between categories tested by analysis of variance after taking the natural logarithm of total dose and mean dose of 2,4 -D. Following a significant F test, Bonferroni pairwise t -tests were used to evaluate significant differences between groups with = 0.05 / number of comparisons. For dichotomous variables, a t -test was used. *P < 0.05. **P < 0.01. ***P < 0.005. ****P < 0.0001. mean daily dose of 2,4 -D in relation to application equipment used and personal factors is presented in Table  2 for the 94 subjects. Based on job titles, most subjects were working as applicators ( 82% ) and managers (11% ) and the remaining subjects were owners of the spray companies. Applicators had the highest total weekly doses of 2,4-D, followed by the owners and managers.
Most subjects in the study sprayed only ( 57% ), while 33% of the participants sprayed and mixed/loaded. During the study work week, 10% of the subjects mixed only. Subjects that only sprayed pesticides (spray group ) as part of their work duties had the highest geometric mean total doses of 2,4 -D in the study, followed by subjects who sprayed and mixed ( spray / mix group ). Those who were not Table 3 . Description of protective clothing worn and equipment used in relation to the natural log -transformed total weekly dose and mean daily dose of 2,4 -D ( g ) in a sample of professional applicators and mixers / loaders ( n = 94 ) log total and log mean. Means with an asterisk are significantly different from each other. Excludes one outlier, difference between categories tested by analysis of variance after taking the natural logarithm of total dose and mean dose of 2,4 -D. Following a significant F test, Bonferroni t -tests were used at P < 0.05 per number of comparisons. For dichotomous variable, a t -test was used. *P < 0.05. **P < 0.005. ****P < 0.0001.
employed solely as a mixer /loaders, but only mixed and loaded during the work week (mix group ), had the lowest geometric mean doses. Individuals involved in both spraying and mixing were 1.6 times more likely to be licensed than those involved in spraying only (relative risk, RR, P < 0.05) and were more likely (1.5 times ) to work alone than work with one other person in the spray truck (P < 0.05 ). Although the spray group was less likely to wear gloves while spraying, this difference was not significant (RR =0.84, P >0.05 ). The spray / mix group was 7.25 times more likely to always or sometimes wash their hands before eating as compared with the spray group only (P <0.05). No significant difference in total or mean daily log -transformed dose between males and females was observed; although so few females were enrolled in this study, the comparison lacks power. Smokers had significantly higher total and mean doses as compared to nonsmokers. Individuals who wore a clean uniform every day and those who always washed their hands before eating had lower total doses than those who did not, but this difference was not observed for mean daily doses. Licensed subjects had, on average, lower total and daily doses of 2,4 -D. Although this would seem to imply that the training involved in licensing may help to decrease exposures, these individuals were generally older, had more years of experience and sprayed lower volumes of pesticides (see Table 4 ). Individuals who used a fan nozzle had significantly higher doses than those who used a gun -type nozzle, and this difference remained highly significant following multivariate analyses. Spray applications that made use of a liquid fertilizer and pesticide combined in one tank resulted in lower doses than ones that used diluted pesticide only. This observation appears to be the result of Product sprayed ( log spray ): ln( ml product sprayed over week + 900 ). License, spray gloves, smoke, t -shirt, smoker: 1 = yes, 0=no. Nozzle type: 1 = fan, 0 = gun. Job satisfaction: 1 = highly satisfied, 2=satisfied, 3=neither satisfied nor unsatisfied, 4=unsatisfied. ****P < 0.0001. ***P < 0.005. **P < 0.01. *P < 0.05. confounding by nozzle type. Companies that use a combination of liquid fertilizer and pesticide were more likely to use a gun -type nozzle and apply a more dilute product. Multivariate analyses revealed that the combination use of liquid fertilizer and pesticide or the concentration of pesticides applied had no significant effect on dose. Product sprayed ( log spray ): ln( ml product sprayed over week + 900 ). Mixing and loading ( mix load ): 1 = yes, 0=no. Glove wear ( Gl wear ): if sprayer and not wearing gloves or mixer / loader then Gl wear = 0; if sprayer and wearing gloves then Gl wear = 1. Nozzle type: 1 = fan, 0=gun. Job satisfaction: 1 = highly satisfied, 2=satisfied, 3=neither satisfied nor unsatisfied, 4=unsatisfied. Current smoker: 1 = yes, 0=no. b Squared partial correlation coefficient using Type II sums of squares. Table 6 . Validation of multiple regression models predicting the log total dose of 2,4 -D using five data sets with 24 subjects each and overall model R 2 for 2,4 -D, mecoprop and dicamba. 
Harris et al.
Models to predict dose of pesticides A description of the protective clothing worn and equipment used during spraying or mixing / loading activities is presented in Table 3 . Although the majority of individuals wore gloves while spraying pesticides, 26 individuals wore no gloves during the work week and received significantly higher doses of 2,4 -D. Moreover, the use of long gloves (elbow length ) appeared to provide better protection as compared with short gloves ( wrist length) and no glove protection. Most individuals ( 66% ) always wore gloves while rolling in the spray hose into the truck and had significantly lower doses as compared to the 27% who never wore gloves.
Very few applicators used respirators or wore coveralls over their clothing and almost all wore boots. The use of glasses or a hat did not appear to afford better protection. Close to half the applicators in the study wore a shortsleeved T-shirt, and based on the bivariate analyses, these applicators had significantly higher total and mean doses than those who were wearing long -sleeved shirts. Further analyses revealed that individuals who wore T-shirts while spraying pesticides were less likely to wear gloves (see Table 4 ) and were somewhat more likely to use a fan nozzle.
Following multivariate modelling, individuals who wore Tshirts did not have significantly higher doses than those who wore long -sleeved shirts.
Most of the individuals who performed mixing and loading activities wore gloves, boots and a T-shirt (and long pants ). Very few individuals wore coveralls, and used an apron, face shield or respirator. Based on analysis of variance, none of these possible protective measures influenced dose, with the exception of the use of a face shield. Here, the use of a face shield was related to higher doses, which may suggest equipment contamination.
The natural log -transformed estimate of total dose of 2,4 -D was positively related to the amount of pesticide sprayed (natural log of total amount sprayed +900 ml ) (r =0.46) (see Figure 1) , and negatively associated with years of work experience. No significant relationship was observed between log dose and the number of days training received, although it is likely that this was not measured adequately in this study. Some newly hired individuals reported that their training was ''ongoing'' even though it was requested that they provide the number of days of training received. Some companies train individuals for a short period of time (1 or 2 days ) at the start of employment, while others provide no formal training but will match new and more experienced employees for a few weeks or longer.
Multiple Regression Analysis
Candidate models were developed to predict the absorbed dose of 2,4-D and to identify factors that may be relevant for the reduction of exposure in the workplace. The eight candidate models presented in Table 5 are based on the pooled regression coefficient estimates and were developed from five random samples taken from the data set (Table 6 ). The simplest model (Model 1 ) is based entirely on the amount of pesticide sprayed (ml product, 180 g of 2,4-D active ingredient per liter of product ). Approximately 20% of the variation in dose was explained by the amount of pesticide used. The addition of the variable nozzle type, to Model 1, explained 36% (squared partial correlation coefficient using Type II sums of squares ) of the variation in dose ( Model 5, R 2 = 0.49 ). When protective clothing and type of equipment were investigated as possible predictors of dose, only glove use while spraying emerged as a strong and significant predictor. The addition of this variable to the model containing nozzle type and pesticide use resulted in a model R 2 of 0.63 ( Model 6). Other factors, such as the use of respirators, coveralls or wearing a short -sleeved shirt while spraying, had no significant effect on dose. Protective clothing worn and equipment used while mixing and loading did not appear to influence dose, but there was Table 8 . Application of Models 6 and 8 to calculate dose of 2,4 -D and mecoprop. little variation between individuals, so the comparison lacks power. Variables indicating company characteristics, such as number of employees and franchise or privately owned, had no influence on dose. Personal factors such as job satisfaction and smoking appeared to have some influence on dose (Models 7 and 8), but the addition of these variables to Model 6 explained only 4 -12% additional variation in dose. The relationship between the log of the observed total dose of 2,4 -D ( g ) and the predicted dose using Model 8 is presented in Figure 1 . An evaluation of the predictive ability of the candidate models is presented in Table 6 . Although Models 7 and 8 produced higher multiple correlation coefficients ( R 2 ) than Model 6 ( both in the combined data and the average of five random samples ), these models did not appear to offer any significant improvement in prediction of absorbed dose based on the five internal validation samples. Based on the validation R 2 , shrinkage and bias, the model containing variables for amount sprayed, glove use and type of nozzle ( Model 6 ) performed as well as or better than the remaining models. To evaluate the importance of the selected predictor variables and to assess the generalizability of the 2,4-D models to other pesticides, the same regressions were conducted using both mecoprop and dicamba. The overall model R 2 values for both mecoprop and dicamba are presented in Table 6 . These models performed well using both these compounds and even stronger relationships were observed for mecoprop.
Regression coefficients for the independent variables in the eight models are presented for mecoprop in Table 7 . When compared to 2,4 -D, smoking appeared to have a slightly stronger effect on the dose of mecoprop received, possibly reflecting increased oral absorption. The use of gloves while spraying had almost identical effects on the total dose of 2,4 -D and mecoprop received. An example of the calculation of dose of 2,4 -D and mecoprop using Models 6 and 8 is presented in Table 8 .
Discussion
The use of individual pesticide application records as proxy measures for pesticide dose received has been shown to be clearly inadequate if future epidemiologic studies are to be conducted with sufficient power to detect subtle health risks. In this study, pesticide use explained only 20% of the variation in dose of 2,4-D. The addition of nozzle type and glove use to the prediction model resulted in a much improved model R 2 of 0.63. Based on the monitoring of dermal exposure ( dermal patches, whole body dosimetry and fluorescent tracers ), results of a number of studies have indicated the importance of glove use for the reduction of pesticide exposures. These have been conducted in several occupational groups including commercial pest control operators ( PCOs ), and agriculture and greenhouse workers, and have consistently demonstrated that a large portion of potential dermal exposure while mixing /loading or spraying pesticides is to the hand area (Leavitt et al., 1982; Adamis et al., 1985; Abbott et al., 1987; Fenske, 1988; Slocum and Shern, 1991; Brouwer et al., 1992; Harris et al., 1992; Kamble et al., 1992; Karr et al., 1992; Popendorf et al., 1995 ) . The results of this study lend further support to these observations and emphasize that the most cost -effective way to reduce pesticide exposure and the resulting absorbed dose is to wear gloves.
In both occupational and domestic settings, different pesticide formulations, application and handling methods have long been recognized as influencing exposure and dose (Abbott et al., 1987; Fenske, 1988; Lengerich and Burroughs, 1989; Slocum and Shern, 1991; Harris et al., 1992; Rutz and Krieger, 1992 ) . Although very little work has been conducted in professional turf applicators, results of one experimental study suggest that when using a hand -held spray gun, the flow rate of the pesticide had little effect on potential dermal exposure ( Slocum and Shern, 1991) .
In this study, the concentration of the pesticide applied, and the combined use of pesticide and liquid fertilizer had no effect on dose. In multiple regression analysis, the type of spray nozzle used was very important, when compared with the amount of pesticide used, in predicting dose. Individuals who used a fan -type nozzle had significantly higher doses than those who used a gun -type nozzle. Based on the calculations provided in Table 8 (Model 6), the predicted value for an individual spraying 2000 ml with a fan gun is 1837 g. The same individual using a gun -type nozzle would need to spray approximately 13,255 ml of product, over six times the amount, to receive a similar dose.
Research has suggested that when using backpack sprayers, as spray boom height decreases, potential dermal exposure will decrease (Lengerich and Burroughs, 1989 ) . However, this does not take into account the effect of personal protective equipment ( boots and long pants ) generally worn by professional applicators and the type of nozzle being used. Although the dilute pesticide is sprayed much closer to the ground when using a spray wand fitted with a fan nozzle, the size of the spray droplets is much smaller than those from a gun nozzle. It is likely that applicators using a fan nozzle have greater lower body contact with spray mist as they walk through the newly sprayed turf. It is also possible that inhalation exposure is higher when using a fan nozzle, due to decreased droplet size.
There is some evidence to suggest that in experimental settings, lawn care workers who wear short -sleeved shirts will receive higher doses of pesticides as compared with those wearing long -sleeved shirts (Cowell et al., 1991 ) . In this study, sprayers wearing T-shirts, on average, received higher doses, but further analyses indicated that these individuals were far less likely to wear gloves while spraying and also were more likely to use a fan nozzle.
Although personal factors such as job satisfaction and current smoking status were consistently identified in the statistical analysis as factors that affected total dose received, the inclusion of these variables resulted in only an additional 4 -12% of the explained variation. Although job satisfaction had only a small effect on dose, the direction of the relationship was opposite to that expected. As job satisfaction decreased, absorbed dose decreased. A tendency for experienced lawn care applicators to have higher concentrations of pesticides on their clothing than the more novice applicators has been reported (Slocum and Shern, 1991 ) . Although it is possible that the more experienced lawn care applicators have greater job satisfaction, we did not observe this relationship in this study. Furthermore, experience had little, if any, effect on dose. After controlling for the amount of pesticide used and other important confounders, there was a slight but nonsignificant tendency for the more experienced subjects to have lower doses than their more novice colleagues.
Smoking was a small but a significant predictor of pesticide dose. Current smokers sprayed more pesticide, were more likely to work as applicators only and had, on average, higher doses than those who did not smoke. Although smoking explained only minor variation in dose in the final prediction models, it represents an important confounder in epidemiologic studies of disease. Since close to half the individuals in this study smoked, unadjusted comparisons of disease or mortality rates of a cohort of professional applicators with external population rates could be biased. Our data suggest that individuals who spray the highest volumes of pesticides were more likely to smoke. In an occupational cohort study, the use of pesticide application records to define an internal comparison group could result in higher numbers of smokers in the high -use group. This would confound the doseresponse relationship. Furthermore, smoking may act to modify or increase pesticide dose relative to the volume of pesticide used due to oral contact with contaminated hands. Obtaining accurate smoking information, in addition to the accurate estimation of absorbed dose, is a priority in future studies.
Although pesticides are the subject of numerous epidemiologic studies, very little work has been reported on the development of methods or models to improve the prediction of dose over the short or long term. In this study, a small but a meaningful step towards the improvement of pesticide dose estimation for future epidemiologic research has been taken. In ongoing and proposed studies, more consideration should be given to dose measurement error and its effects on sample size and study power. When the correlation between the true dose and the imperfect exposure measurement is low, or thought to be low, an increase in sample size may not be cost -effective when compared to dedicating funds to improving the accuracy or determining the validity of dose measurement. At a minimum, internal validation of exposure measurement within an existing cohort or an external sample of similar composition should be conducted. This can be used in turn to conduct sensitivity analyses.
Since many pesticides currently registered for use are water-soluble with short half -lives of elimination measured in days, it is not possible to obtain an estimate of lifetime or chronic dose with the use of biological samples. Current dose may be assessed with well -timed biological samples and past exposures may be constructed based on changes in pesticide use over time, application techniques, hygienic conditions and other factors that may affect absorbed dose. Cumulative dose estimates that are based on historical dose construction cannot be validated for these water-soluble compounds unless specific biomarkers of exposure and /or effect are discovered and validated. Unfortunately, cumulative dose estimates alone will likely not provide sufficient information on the timing, duration and intensity of exposure that may be important in establishing cause -effect relations between pesticide exposures and disease. To adequately address the human health risks associated with pesticide use, we must focus our efforts on the gold standard of observational epidemiology -the prospective cohort study. Of course, these studies will not be informative unless exposure, or preferably dose, is measured with some degree of accuracy.
